I. INTRODUCTION
The concept of using liquid media to add or improve the functionality of optical devices has been widely pursued. Liquid core waveguides 1 have been used to increase the interaction length in sensing applications. The introduction of the integrated laboratory on a chip 2, 3 with the capabilities of fast and precise liquid flow control and mixing has opened paths for the field of "optofluidics". 4, 5 The ability to precisely control a liquid medium is essential to the control of optical properties, such as refractive index and optical gain media concentration. Optofluidics offers the ability to adjust these parameters in real-time through, e.g., microfluidic mixing of liquids in a precise and predictable fashion, as we will demonstrate in this paper. The characteristics of liquid dye lasers are determined by the dye concentration and the physical dimensions of the laser resonator. Hence, the properties of the light source can be altered by adjusting these parameters, enabling tunability of the output wavelength. 6, 7 We demonstrate a microfluidic mixer ͑see Fig. 1͒ with the capability to mix two liquids in situ through diffusion mixing and show how this can be used to alter the optical properties of a microresonator using the organic dye, rhodamine 6G, as active medium. By diluting an ethanolic rhodamine 6G solution in real time the dye solution can be adjusted, enabling both concentration tuning and refractive index tuning within the laser resonators. Two types of vertical cavities have been implemented to provide easy readout of the optical properties of the dye medium-a Fabry-Pérot resonator defined by vertically aligned opposing mirrors 8 and a dielectric resonator relying on the refractive index changes to the surrounding cladding.
The response of the system is investigated to determine how readily the output wavelength can be altered, as the relative flow rate of an ethanolic rhodamine 6G solution and a pure ethanolic solution is adjusted.
II. TUNING MECHANISM
The lasing wavelength of a Fabry-Pérot dye laser depends on the gain profile of the dye, the dye concentration, 6 and the refractive index inside the laser cavity, apart from the Fabry-Pérot cavity modes themselves. For macroscopic organic dye laser systems it is well known that the concentration of dye in the liquid solution must be kept at a certain value to ensure reproducible functionality of the laser system, since both the refractive index 9 and the gain profile 6 are influenced by the dye concentration. In a microsystem that allows fast and precise on-chip mixing of fluids, 2 this can be used to control and tune the refractive index and the gain profile of the dye solution to achieve real-time wavelength tunability of a laser device.
The concentration dependency of the gain profile is caused by the Stokes shift. Figure 2 illustrates the dynamics of the dye gain during the increase of optical pumping of an ensemble of dye molecules. With increasing pump power, the net absorption will decrease and the net gain will increase according to the population inversion of the electronic states of the molecules. The total gain is a result of both the net absorption and the net gain, and will move spectrally with increasing inversion. In a laser the total gain will increase with increased pumping power until the lasing threshold, where the total gain will be clamped. Since the amount of dye molecules determines at what rate the total gain will rise with increasing inversion ͑or pumping͒ the wavelength where the system will reach lasing threshold depends on the dye concentration.
The refractive index in the laser resonator, together with the mirrors and the properties of the dielectric medium, determines the position of the Fabry-Pérot cavity modes according to the phase-matching condition 2q = 2kdn, ͑1͒
where q =1,2,3,… , k =2 / , d is the Fabry-Pérot mirror distance, and n is the refractive index between the mirrors. Obviously the change in wavelength is d / dn =2d / q.
III. DESIGN
In order to investigate the achievable tunability of the presented tunable microfluidic light source, a vertical resonator design is used. Two different resonator configurations have been investigated: a Fabry-Pérot cavity formed inside a microfluidic channel by two parallel planar metallic mirrors on the floor and roof of the channel, 8 and the same resonator arrangement without a metallic top mirror ͑see Fig. 3͒ . The metallic mirror on the floor consists of 10 nm chromium and 150 nm gold ͑reflectance=0.83, transmittance=0, and absorbance=0.17 at = 570 nm͒, while the semitransparent metallic mirror on the roof consists of 5 nm chromium and 40 nm gold ͑reflectance=0.72, transmittance=0.06, and absorbance =0.22 at = 570 nm͒. Thus, lasing light is emitted through the semitransparent mirror in a direction perpendicular to the mirrors and the chip plane. The height of the microfluidic channel is 7.5 m, as defined by the SU-8 layer. An ethanolic solution of the organic dye, in this case rhodamine 6G, flows through the resonator while it is optically pumped through the glass lid at an angle of approximately 45°to normal using a frequency-doubled Nd:YAG ͑yttrium aluminum garnet͒ laser ͑ = 532 nm͒. Diluted solutions of rhodamine 6G are used as gain medium, so the refractive index inside the laser resonator is only slightly above that of pure ethanol, n = 1.36. The 2.6 m polymethylmehtacrylate ͑PMMA͒ layer has a refractive index of 1.49. Hence, the mode distance is approximately 11.5 nm for the opposing metallic mirror cavity and 0.2 nm for the resonator without a metallic top mirror at wavelengths around = 570 nm, since the top surface of the glass lid becomes the major reflector with a reflectance of 0.04. The vertical emitting laser resonator is integrated with a microfluidic mixer with two inlets. This way the dye concentration in the laser resonator is controlled by the relative flow rate between an ethanolic solution of rhodamine 6G and pure ethanol in the mixer. Due to the small dimensions, the flow in the mixer is laminar ͑Reynolds number of 0.2͒ and mixing is limited by molecular diffusion across the channel. Different more efficient mixer layouts that reduce the mixing time substantially have been proposed. 10, 11 However, the implementation of these layouts in a planar processing scheme is troublesome. Hence, a simple diffusive mixer was chosen for this demonstration of the tuning principle of a microfluidic dye laser. Furthermore, the external delays in the syringe pumps used to operate the device could be minimized by integrating pumps, as proposed in Ref. 12 .
The channel height is identical to that of the laser resonator, 7.5 m. The diffusion constant of rhodamine 6G in ethanol is estimated to be 1 ϫ 10 −6 cm 2 / s from the StokesEinstein relation. 13, 14 Due to the pressure-driven laminar flow in the fluidic channel the velocity profile will be parabolic. In the estimation of the mixing time, the parabolic velocity profile in the vertical direction can be neglected. The height of the fluidic channel is only 7.5 m and it takes only 0.28 s for a rhodamine 6G molecule to diffuse from the bottom to the top of the channel, estimated by the EinsteinSchmoluchowski relation. Therefore a one-dimensional model, only considering the velocity profile in the lateral direction, is used to describe the flow in the mixer channel. From this simplified model, one finds that the foremost part of the interface between the old and the new solutions will reach the optical resonator after 76 s when the device is operated at a flow rate of 5 l / h and the dielectric resonator is positioned, as shown in Fig. 3͑b͒ . If the pure ethanol solution is turned off, a front of rhodamine 6G solution will be propagating with a flow rate of 5 l / h and the first rhodamine 6G molecules will reach the resonator in 76 s, at which point one should expect to see a change in the wavelength of the output light. Averaging the velocity field across the mixer channel, the rhodamine is predicted to arrive at the dielectric resonator after 114 s at a flow rate of 5 l/h.
IV. FABRICATION
The tunable microfludic light source is fabricated on a Borofloat glass substrate. Prior to fabrication the glass substrate is cleaned in Triton X100 soap and 7-up etch ͑sulfuric acid and ammoniumperoxodisulfate at 80°C͒ before dehydration for 12 h in an oven at 220°C. The bottom metallic mirror is deposited by vapor deposition before spinning on a 7.5-m-thick layer of SU-8 photoresist ͑MicroChem SU-8 10͒ at a spin speed of 3000 rpm and prebaking on a hot plate ͑65°C for 2 min and 90°C for 2 min͒. The SU-8 photoresist is patterned by UV ͑ = 365 nm͒ lithography ͑dose: 490 mJ/ cm 2 ͒, cross-linked by baking on a hot plate ͑65°C for 2 min and 90°C for 15 min͒ and developed in propylene glycol monomethyl ether acetate ͑PGMEA͒ ͑Microchem͒ for 4 min. The top metallic mirror is defined on a clean glass lid by UV lithography and lift-off. A layer of 2.6-m-thick 950 K PMMA is used to seal the SU-8 structures with the glass lid. 15 Finally, the device is diced into 10ϫ 50 mm 2 chips and inlet and outlet holes are drilled through the top glass lid. Figure 1 shows an optical image of a final device mounted in a holder fitted with fluidic connections. Scanning electron microscopy ͑SEM͒ inspections of a cleaved device verifies that the height of the SU-8 layer is 7.5 m and that the height of the PMMA layer is 2.6 m.
V. RESULTS
The laser device is operated with different concentrations of rhodamine 6G dye in ethanol mixed with pure ethanol at different flow ratios, yielding controlled rhodamine 6G concentrations inside the optical cavities. The cavities are optically pumped with a pulsed ͑5 ns pulse length at a rate of 10 Hz͒ frequency-doubled Nd:YAG laser ͑ = 532 nm͒ at an angle of incidence of approximately 45°and the dye laser output is collected by an optical fiber positioned 1 cm vertically above the cavities.
The Fabry-Pérot cavity defined by metallic mirrors is used to investigate the influence of rhodamine 6G concentration on the refractive index inside the cavity. The cavity has not been used above lasing threshold because the semitransparent metallic top mirror degrades at larger pumping intensities. From a 1 ϫ 10 −2 mol/ l rhodamine 6G solution and pure ethanol, the rhodamine 6G concentration inside the laser cavity is changed between 2.0ϫ 10 −2 and 3.3 ϫ 10 −2 mol/ l by mixing. This way the Fabry-Pérot cavity modes are tuned 4 nm, as seen in Fig. 4 . We attribute this tuning to the change of refractive index due to the presence of dye in the ethanol.
According to the phase condition ͑1͒ for the cavity defined by metallic mirrors, q =2͑n 1 L 1 + n 2 L 2 ͒, where n 1 and n 2 are the refractive indices of the dye solution and the sealing PMMA layer ͑1.49͒, respectively, L 1 and L 2 are the thicknesses of the dye solution ͑7.5 m͒ and the PMMA layer ͑2.6 m͒, and q is the mode number ͑found to be 49͒, the measured tuning range, ⌬ = 4 nm, corresponds to a refractive index change inside the cavity of ⌬n 1 = ⌬ ϫ q /2L 1 = 0.013, resulting in a ⌬n 1 / ⌬c of 1 l / mol͑2.2ϫ 10 −3 l/g͒. This value is comparable to the value in Ref. 9 for rhodamine-B in ethanol at 570 nm, which was found to 0.8 l / mol. This large value is due to the anomalous dispersion curve around the molecular resonance. Furthermore, the spectrum in Fig. 4 shows that the mode spacing is approximately 11.5 nm, as expected from the design considerations. When pumping the metallic mirror resonator, the 532 nm pump light will be absorbed by the organic dye after a few micrometers due to its low intensity and the relatively high concentration of dye. The rest of the dye will be absorbing and lead to a lower cavity-enhanced output signal. In addition the quantum yield of the organic dye decreases with increasing concentration. 16 We ascribe the lowered output signal for increased dye concentration ͑Fig. 4͒ to these mechanisms.
The finesse, f, of the resonator containing the dye solution is determined to be 3.8 from the data in Fig. 4 by applying a multiple Lorentzian peak fit and using f = FSR/ FWHM, where FSR is the free spectral range and FWHM is the full width at half maximum of the individual peaks. Using the absorption cross section for rhodamine 6G and the metallic mirror reflectivities, the expected finesse is 4.1.
The dielectric resonator is used to investigate rhodamine 6G dye concentration tuning and the response time of the tunable device. The inset in Fig. 5 shows the threshold curve for the dielectric resonator as the pumping energy is gradually increased. The onset of lasing is around 110 J/mm 2 . From a 2 ϫ 10 −2 mol/ l rhodamine 6G solution and pure ethanol, the rhodamine 6G concentration inside the laser resonator is changed between 5.6ϫ 10 −3 and 2 ϫ 10 −2 mol/ l. As seen from the laser output spectra in Fig. 6 , this results in a continuous wavelength tuning range of 10 nm between 573 and 583 nm. The mode spacing of the dielectric cavity is 0.2 nm and therefore not resolved in our experiments. Hence, a shift in the cavity modes cannot account for the shift of the multimode peaks. We attribute the spikes on the spectra to self-interference of the pumping laser beam as it is reflected from the bottom mirror creating a volume grating enhancing some modes in the resonator. The inset in Fig. 6 shows a nearly linear relationship between concentration and lasing wavelength in this range. The position of the peaks is determined from the center wavelength at half maximum height of the peaks.
In order to measure the response time of the device, a steady flow of 2.5 l / h rhodamine 6G ethanolic solution ͑2 ϫ 10 −2 mol/ l͒ and 7.5 l / h pure ethanol is injected, yielding an effective concentration of 5 ϫ 10 −3 mol/ l inside the resonator after mixing. The flow of the pure ethanol is turned off at the same time as the flow rate of the rhodamine 6G solution is increased to 5 l / h. This will eventually result in a rhodamine 6G concentration of 2 ϫ 10 −2 mol/ l inside the laser resonator. To monitor the time evolution of the concentration inside the laser resonator, lasing output spectra are recorded continuously until the change in lasing wavelength saturates, see Fig. 7 . From Fig. 7 , it is seen that the concentration inside the laser resonator begins to increase after 60 s and saturates after 110 s. The onset of change in the lasing wavelength corresponds with the expected time of 76 s from the design considerations. The uncertainty of the position of the pump-laser spot ͑diameter of 1 mm͒ is ±1 mm from the ideal position, corresponding to an uncertainty in the response time of ±10.8 s.
VI. CONCLUSION
Real-time tunability of a chip-based liquid light source enabled by microfluidic mixing has been demonstrated. The tunability of the output light was achieved by changing the concentration of rhodamine 6G inside the optical cavities by means of an integrated microfluidic mixer. Continuous tuning of the laser output wavelength was demonstrated using an ethanolic rhodamine 6G solution of 2 ϫ 10 −2 mol/ l mixed with pure ethanol. The response time of the optofluidic device was measured to be 110 s. This could be improved by means of optimized mixer designs. Furthermore, the refractive index change of ethanol as a function of rhodamine 6G concentration has been investigated. This shows that a change in rhodamine 6G concentration from 3.3ϫ 10 −2 to 2.0ϫ 10 −2 mol/ l results in a refractive index change of 0.013, corresponding to ⌬n / ⌬c = 1 l / mol.
